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Abstract 
The need to increase resource and energy efficiency for a sustainable production has led to saving potential analyses and afterwards saving 
strategies in a multitude of disciplines: product design, supply chain management, process chain design, production process development,  
energy-optimal machine or component control and even machine tool and component design. Each of those strategies resulted in numerous 
improvements, however, they still lack reciprocal consideration. 
To overcome this deficit, a machine-independent energy control system to include any control- or operation-based energy optimizer will be 
introduced in this paper. It is based on real-time control information from the machine and software-based energy demand optimizers targeting 
the machining process, the machine tool components control as well as the overlaying production process. The control system itself ensures the 
correct cooperative operation of the three optimizer types, to enable the much needed reciprocal consideration of the optimizer’s effects. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction  
Machine tools consume a large part of energy in German 
industry [1]. Studies focusing on the energy efficiency of 
machine tools have revealed that a reduction is only possible 
through many individual measures [2]. According to a survey 
of the Institute for German Economy in Cologne, these 
measures can only be accomplished today if they can be 
realized cost-efficiently [3]. 
The paper describes an energy control system in detail, 
which reduces energy consumption through energy 
optimization during the operation of the machine. The first 
section of the paper displays, how information over the current 
energy and operating state of the machine tool and its 
components can be provided to the energy control system in a 
universal manner. This is followed by an approach of how 
manipulation of a machine tool is possible. The second section 
of this paper illustrates, how energy optimizers of single 
components or the whole machine tool can be connected to the 
machine in real-time. The section thereafter describes how 
energy optimizers can reduce the machine tool energy demand 
based on real-time information. The last section of the paper 
presents a case study based on a 5-axis machine tool, where two 
different energy optimizers operate cooperatively. 
2. Information provision and machine tool manipulation 
In order to enable information provision and machine tool 
manipulation by an energy control system, interfaces have to 
be present. Therefore, an automatable approach for describing 
these interfaces has been developed as an XML-based energy 
information description language (EIDL) [4]. EIDL provides 
information about the use of models, available machine control 
information and existing power measurement devices. 
2.1. Information provision 
Machine control information in this context is data or signal 
values from the machine control or mainly from its 
components. To provide this component information to an 
energy control system, the following description of an interface 
has to be present: 
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Fig. 1: Model interface inputs 
1. Type of interface 
2. Routing information depending on the interface type 
Interfaces can be divided into two main groups – ‘models’ 
and ‘live values’. Each ‘live value’ interface has different 
communication module types (e.g. for Profinet, Sercos III or 
TCP/IP) lying beneath.  
The routing information depends on the interface type. The 
‘models’ type (e.g. matlab file), the path where the model is 
located and the inputs/outputs/parameters define the routing 
information of a model as shown in Fig. 1.  
The routing information for a communication module 
defines the values necessary to access a communication module 
(e.g. IP address and port) and how – once connected to the 
component – the information necessary can be accessed and 
withdrawn (e.g. through a variable name).  
2.2. Machine tool manipulation 
Machine tool manipulation is only possible through a ‘live 
value’ interface. To differentiate between interfaces, where 
information can be accessed over, and interfaces that allow the 
manipulation of a machine tool, a grouping has been introduced 
in EIDL. Interfaces, which allow machine tool manipulation, 
are grouped beneath the subtype ‘adjusting lever’ in ‘live 
values’ as shown in Fig. 2. 
 
In order to define an adjusting lever interface, the routing 
information needs to be derived. In Fig. 2 only ‘io_clamp’, 
‘opc’, ‘sercos’ and ‘modbustcp’ are defined. If additional 
interfaces are required, EIDL can be extended with additional 
subtypes and the routing information according to the new 
interface. 
 
 
Fig. 2: Adjusting lever interface 
 
3. Energy control system 
As stated earlier, there exists a wide variety of approaches 
for reducing the energy consumption of machine tools. The 
optimal energy efficiency will only be reached when applying 
multiple harmonized approaches. 
The first step towards energy consumption reduction was 
making the user aware of the dependencies of his actions 
(control inputs) on the power consumption [5]. 
As a next step, an energy control system has to be developed, 
which uses EIDL as input format, connects to the described 
interfaces and has the ability to execute energy optimizers. In 
Fig. 3 an architecture of such an energy control system is 
displayed. The architecture provides the relevant infrastructure 
for communication, execution, parametrization and supervision 
of the applied energy optimizers and is described in detail in the 
following subsections. 
3.1. Execution of energy optimizer 
An energy optimizer that is to be executed in the energy 
control system has to have a defined format. A defined format 
could be a web service or a library as a Dynamic Link Library 
(DLL) for windows. Every defined format has in common that 
multiple and predefined entrance points exist, which can be 
used by the energy control system to execute the energy 
optimizers.  
In the research group ECOMATION, a Windows DLL was 
chosen together with the three entrance points (‘start’, ‘step’ 
and ‘end’). Entrance point ‘start’ is executed once, when the 
energy optimizer is loaded, entrance point ‘step’ is used every 
calculation step and entrance point ‘end’ is run when the 
optimizer should be stopped. 
Further, every energy optimizer needs to be connected with 
defined inputs (e.g. an actual velocity of a drive) and then 
provides outputs (e.g. suggested energy-optimal velocity of a 
drive) by itself.  
 
 
Fig. 3: Energy control system 
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For an energy optimization, the inputs and outputs of the 
energy optimizer need to be connected to actual inputs and 
outputs of the machine tool. To do so, the energy control 
system connects the inputs and outputs of the energy optimizer 
with the available interfaces for information provision and 
machine tool manipulation. 
3.2. Monitoring and configuration of energy optimizers 
Since energy optimizers might require a monitoring of the 
internal state or the provision of configuration parameters by a 
manufacturing execution system (MES) or a machine operator, 
an additional interface is needed. This interface needs to be 
accessible over a network for MES usage. A usable interface 
would be an IT middleware solution like OPC UA or SOAP. 
Using such a solution, a middleware communication server 
could provide the required parameters for monitoring and 
configuration as nodes (e.g. OPC UA nodes). These nodes can 
then be accessed either by a MES or by the machine operator 
over a human machine interface (HMI). 
3.3. Execution of multiple energy optimizers 
For running multiple energy optimizers strategies need to be 
developed how to design the topology of execution. This 
includes the general decision if the energy optimizers are 
executed in parallel or serial. Depending on this decision, the 
questions how conflicting outputs targeting the same machine 
output could be handled or what the best order for aligning 
energy optimizers should be. 
In the research group ECOMATION, a serial execution of 
the energy optimizers was chosen as a first attempt. The energy 
optimizers were ordered depending on their decision speed. 
This means that slow running machine state energy optimizers 
are located at the beginning and fast running component 
optimizers are located at the end.   
4. Energy optimization 
To reduce the energy consumption of machine tools, three 
types of energy optimizers have been identified that can be 
executed in the machine-independent energy control system. 
The first type of optimizers targets the overall operation state, 
the second type optimizes the component and the third one the 
process. In the following, the operation state optimizer and 
component optimizer explained in detail. 
4.1. Operation-state energy optimizer 
A machine tool’s operation is dividable into multiple 
operation-states. Following ISO’s definition [6], these are:  
x Off 
x Standby with peripheral units off – Standby I 
x Standby with peripheral units on – Standby II 
x Ready for operation 
x Warm up 
x Processing 
When considering the power consumption, the usage time of 
machine tools itself consists of two separate periods, first the 
processing time and second the standby time [7]. There exist 
multiple terms for the standby time, such as waiting period, idle, 
non-productive time, etc. In the following, it will be referred to 
as non-productive time, in order to distinguish between terms 
used for operation-states as well. Only a few research 
approaches exist for the energy-efficient operation during  
non-productive times. One focuses on factory automation 
systems [8] and others on machine tools [9,10]. The approaches 
either lack their proper demonstration on real factory 
equipment, e.g. only on a small lab test bed, or are specific to 
only one proprietary control manufacturer. In the research 
group ECOMATION, a generic operation-state energy 
optimizer has been developed [11]. The operation-state 
optimizer is only active during non-productive times; it does 
not manipulate the machine’s operation during the  
operation-state ‘processing’. The aim of the operation-state 
optimizer is to spend these non-productive periods with 
minimal power consumption. It is implemented as a pure 
optimizer, relying on the above-mentioned inputs and provides 
the relevant outputs to switch the machine operation-state 
according to the optimizer’s calculation. 
The optimizer is based on state-based consumption models 
that provide the optimizer with the necessary information about 
the machine’s energetic behavior. This information is used as 
optimizer configuration and contains the available  
operation-states, for each state the mean electrical power 
consumption (see Fig. 4), the possible switches between the 
states and the time and energy needed for such a state. 
 
  
Fig. 4: Example for an optimizer configuration with state information [11] 
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The optimizer itself is based on graph-based optimization 
algorithms, such as Dijkstra’s shortest path algorithm [12]. The 
idea can be explained by the energy consumption graph in Fig. 
4. A potential production interruption is transmitted to the 
energy control system by the MES. This is represented by a 
specified time between ‘current’ and ‘next’ processing.  
Provided with this input, the optimizer calculates the optimal 
state trajectory through the consumption graph and returns to 
the operation-state ‘processing’ afterwards. One possible 
sequence is ‘current’, ‘Ready’ and back to ‘next’. However 
another, more energy efficient sequence could be ‘current’, 
‘Ready’, ‘Standby II’, ‘Ready’ and back to ‘next’. These state 
trajectories contain not only the identified state sequence, but 
also the exact times for each state change.   
Accordingly, the optimizer provides the energy control 
system and thus the machine control with state change 
commands at the correct time steps to cope with production or 
operation constraints, such as warm-up or spindle lubrication. 
These constraints have to be supplied to the optimizers through 
a configuration and will then be considered in the optimization 
cycle and therefore during each call of entrance point ‘step’ of 
the energy control system. In the second mentioned sequence, 
a constraint could be that after spending a machine specific time 
in the state ‘Standby II’, a warming up of the main spindle is 
necessary for accurate production. The exact durations are 
calculated by the optimizer. If this warming up is necessary, the 
optimizer blocks the direct state change from ‘Ready’ to ‘next’ 
and includes the state ‘Warm-up’ into the trajectory for the 
necessary period. This period however is taking into account 
when calculating the trajectory. This leads to cases in which the 
temperature constraint leads to trajectories that remain in the 
‘Ready’ state to avoid having to warm up if the available time 
is not enough.  
As a conclusion, the operation-state optimizer ensures that 
for each case, the energy optimal state trajectory is calculated. 
4.2. Component-state energy optimizer 
Due to the modular design of machine tools and the large 
number of different components and component manufacturers 
in terms of energy efficiency considerations, a non-optimal 
control of the entire machine tool may occur. In particular, 
function modules with autonomous control units (e.g. machine 
cooling) or unregulated devices (e.g. oil mist exhaust) have a 
great energy-saving potential due to a holistic control approach. 
So far, only a few approaches exist targeting this control-based 
field of research. E.g. within the research project NCplus a 
need-based control strategy for machine tools is developed. 
Using the actual part program for a dedicated work piece, e.g. 
realizing a demand-based control of the cooling-lubricant 
system. In addition, an advanced breaking system for feed 
drives is developed enabling the machine control to switch axes 
off during idle times. [13]. Heyers established an  
energy-efficient control of asynchronous motors through a 
load-dependent excitation current reduction, leading to reduced 
electric power losses. With a simulation model for estimating 
the actual stator temperature of an asynchronous main spindle, 
Heyers also realized a model-based control of a machine tool 
chiller system [14]. 
Within the research group ECOMATION a holistic 
component optimizer is developed. Based on a machine’s 
structural model [4], the energy demand-relevant functional 
modules of a machine tool with respect to their optimization 
potential and the possibilities to interact are investigated and 
suitable optimization strategies are designed. 
For the demonstrator machine tool (Exeron HSC 600) 
examined within the research group, the component state 
energy optimizing structure is displayed in Fig. 5. Input data 
for the optimizer are machine control information such as 
switching information as well as technology data (position, 
speed, etc.) of the dedicated functional modules. Output data 
can be optimized switching commands in addition to  
energy-optimal sets of parameters. An example for a simple 
component optimizer will be described in the following. 
Within the actual delivery condition of the machine tool 
demonstrator, the oil mist exhaust is activated via an  
m-command in the NC code of the part program and it runs 
until deactivation via a different m-command.   
 
  
Fig. 5: Structure of the component-state energy optimizer 
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Alternatively, exhaust systems in machine tools with  
high-pressure coolant lubricant systems are often linked to the 
activity of the high pressure pump. With an average electrical 
power demand of around 400W and power peaks of about 
2kW, the exhaust system contributes significantly to the energy 
demand of the demonstrator machine. In the first optimization 
stage, therefore, the operation of the exhaust system is linked 
to the rotational speed of the main spindle. Every time the 
rotational speed of the main spindle drops below a preset value 
for a certain amount of time, the exhaust system will be 
deactivated. This way a simple demand-based control is 
realized. 
5. Case Study of a 5-axis milling machine 
For demonstration of the developed concepts, the energy 
control system (refer to section 3) is applied and actively 
cooperating with a small MES as shown in Fig. 6. This MES 
provides information about the next work piece to produce. 
Further, the MES has knowledge about manufacturing breaks 
and scheduled service periods, which can be passed on to the 
energy control system. For testing purpose, the MES was 
configured to start the NC program on the Exeron HSC 600 
machine directly and to pass break times on to the energy 
control system. 
As optimizers, an operation-state optimizer and an optimizer 
for the exhaust system are used. The operation state optimizer 
is running within a one-second cycle time, whereas the exhaust 
system optimizer is executed in 500 ms. Both energy 
optimizers try to influence that state of the exhaust system to 
keep it shut off for as long as possible.  
The operation state optimizer, which is first in sequence, 
tries to decide what is most energy-efficient based on the 
information passed down from the MES, whereas the 
component optimizers are deciding based on the current 
spindle speed and the elapsed time since the last activation 
period. 
 
   
Fig. 6: Energy control system demonstrator 
 
To evaluate the energy control system including the two 
optimizers, a previously recorded job shop scenario has been 
chosen. The job shop scenario was recorded in a real 
production, where the work piece was entered manually into 
the machine tool. Based on the record, an equivalent scenario 
with identical productive and non-productive times was created 
in the lab. Running the scenario with energy optimizers’ leads 
to a 16% decrease of energy required. 
6. Conclusion and Outlook  
The paper describes an energy control system for machine 
tools, which includes the provision of information over the 
current energy and operating state of the machine tool and its 
components. Further, the paper illustrates how an energy 
control system is able to manipulate the machine tool to reduce 
the energy consumption. Then it is shown, how energy 
optimizers of single components or the whole machine tool can 
be connected to machines and reduce the energy demand based 
on real-time information. The paper concludes with a case 
study based on a 5-axis machine tool with different energy 
optimizers operating cooperatively. 
The energy control system described in this paper is 
currently not able to handle opposed optimization suggestions. 
This could be the case if two optimizers output e.g. a different 
spindle velocity. At the current state of the energy control 
system, the different optimizers are connected in sequence 
leaving the last optimizer the overall decision about the 
optimization. This dilemma might be resolvable through an 
output prioritization block that allows introducing rules into the 
energy control system. 
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